Mutants of Salmonella typhimurium deficient in dipeptidyl carboxypeptidase have been isolated by screening for clones unable to use N-acetyl-L-alanyl-Lalanyl-L-alanine (AcAla3) as the sole nitrogen source. An insertion of the transposable element TnlO near dcp (the locus coding for dipeptidyl carboxypeptidase) has been isolated and used to map the locus in the interval between purB and trp, an otherwise genetically silent region of the S. typhimurium map. All dcp mutants could still grow using N-acetyl-L-alanyl-L-alanyl-L-alanyl-L-alanine (AcAla4) as the sole nitrogen source. Crude extracts from the dcp mutants failed to hydrolyze AcAla3 but retained approximately 80% of the wild-type activity toward AcAla4. Several lines of evidence indicate that hydrolysis of AcAla4 in the dcp mutant results from the action of a new peptidase distinct from dipeptidyl carboxypeptidase. A mutant strain lacking dipeptidyl carboxypeptidase in addition to peptidases N, A, B, and D showed reduced protein breakdown during carbon starvation compared with a strain lacking only peptidases N, A, B, and D.
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Mutants of Salmonella typhimurium deficient in several aminopeptidases and dipeptidases (11) have been useful in elucidating some of the physiological roles of these enzymes (18, 19) . Very little is known, however, about the role played by carboxypeptidases or endopeptidases in this organism. Dipeptidyl carboxypeptidase, the only C-terminal exopeptidase known to be present in Escherichia coli, has been purified and characterized by . This enzyme cleaves dipeptides from the C termini of its substrates. It is inactive against unblocked tripeptides, but will cleave N-blocked tripeptides, tetrapeptides, and larger peptides. The enzyme has a strict requirement for a free carboxyl group at the C terminus and will not attack a peptide bond in which the nitrogen is supplied by proline. Purified dipeptidyl carboxypeptidase is a Zn2+ metalloenzyme that is stimulated two-to eightfold by the addition of low concentrations of Co2+ (17) . The E. coli enzyme is similar to a dipeptidyl carboxypeptidase, angiotensin I-converting enzyme (EC 3.4.15.1), from mammalian sources (5, 14) . A specific inhibitor of the mammalian enzyme, captopril [1-(D-3- mercapto-2-methylpropanoyl)-L-proline] (3), also inhibits bacterial dipeptidyl carboxypeptidase (5 screening extracts from mutagenized clones for failure to hydrolyze N-benzoyl-Gly-His-Leu (5).
The available evidence suggests that the mutations in these strains map at a locus (called dcp) in the trp region of the E. coli chromosome. The E. coli dcp mutants grow normally, except that they do not use N-acetyl-L-alanyl-L-alanyl-Lalanine (AcAla3) as the sole nitrogen source.
The results of previous studies of S. typhimurium peptidase-deficient mutant strains have established the importance of N-terminal exopeptidases and dipeptidases in the degradation of peptides generated intracellularly by various degradation processes or supplied extracellularly as amino acid sources (18, 19) . Since most of the studies of the effects of peptidase deficiency on protein turnover have been carried out in multiply peptidase-deficient strains of S. typhimurium, we sought to isolate dcp mutants in this organism to construct strains missing both Nterminal and C-terminal exopeptidases. This paper reports the isolation of dipeptidyl carboxypeptidase-deficient mutants of S. typhimurium and the genetic and phenotypic characterization of these mutants. In the course of studying these mutants we found that S. typhimurium contains another enzyme active on certain N-blocked peptides.
MATERIALS AND METHODS Bacterial strains. All of the S. typhimurium strains used are derivatives of LT2 (Table 1) . We have used the z notation (7) to represent the map locations of Growth media and peptides. Bacteria were routinely grown in nutrient broth (Difco Laboratories) or the minimal E medium of Vogel and Bonner (16) . The nitrogen-free medium (NN) of Gutnick et al. (6) was used for growth of strains on alanine or alanine peptides as sources of nitrogen. All minimal media contained 0.4% glucose as the carbon source unless otherwise specified. NCE medium (E medium without citrate) was used in some experiments. For growth on solid media, 1.5% agar (Difco) was used, except in NN plates, which contained 1.5% Noble agar (Difco). Media for growth of E. coli strains were supplemented with 1 mg of thiamine per liter. All incubations were carried out at 37°C.
All peptides and amino acids used in this work were obtained commercially from Sigma Chemical Co., Bachem, Vega-Fox, or Calbiochem-Behring, and all amino acid residues were in the L configuration. Thinlayer electrophoresis was used to check the purity of alanine and alanine homopeptides. Thin-layer plates were cellulose precoated (Analtech), and the electrophoresis buffer was pyridine-acetic acid-water (1:10:89, pH 3.5). Electrophoresis was carried out at 400 V with migration toward the cathode. Alanine, dialanine, trialanine, tetraalanine, pentaalanine, and hexaalanine each migrated as a single, homogeneous spot as detected by spraying dried plates with 95% ethanol containing 0.2% ninhydrin, followed by heating at 110°C for 10 to 15 min. Each peptide ran with the expected migration relative to alanine (20) . No ninhydrin-sensitive material was detected after thin-layer electrophoresis in any of the N-blocked peptides. The purity of N-acetyl-L-alanyl-L-alanyl-L-alanyl-L-alanine (AcAla4) was tested by thin-layer electrophoresis of a hydrolyzed (6 N HCI) sample. Alanine was the only product detected by ninhydrin.
Isolation of dcp mutants. Three independent dcp mutants (TN1000, dcp-1; TN1150, dcp4; TN1151, dcp-5) were isolated after mutagenesis of LT2 with Nmethyl-N'-nitro-N-nitrosoguanidine (1). Colonies on E medium were screened for the Dcp phenotype (inability to grow using AcAla3 as the sole nitrogen source) either by individual transfer or replica plating to NN medium supplemented with 3.66 mM AcAla3. All isolates that grew on alanine, but not AcAla3, were saved for further testing. One mutant (TN1151, dcp-S) was isolated after one cycle of ampicillin (200 pLg/ml) enrichment in NN medium containing AcAla3. Two additional dcp mutants (TN1148, dcp-2; TN1149, dcp-3) were isolated after localized mutagenesis with hydroxylamine of a transducing phage lysate grown on TN1008 (dcp' zxx-845::Tn10). (P22 HT 12/4 int-3 was used in all transductions.) LT2 was transduced to Tetr by using the mutagenized phage lysate to give 300 to 400 colonies per plate. Transductants were replica plated to selective AcAla3-containing medium, and colonies which failed to grow were scored after 2 days of incubation.
Enzyme assays. Dipeptidyl carboxypeptidase enzymatic activity was measured in crude, cell-free extracts by using ninhydrin to detect hydrolysis of Nblocked peptide substrates (17) . Cells were grown in rich medium to 1 x 109 to 2 x 109 cells per ml, collected by centrifugation at 4°C, and washed once with 0.85% NaCi and then twice with assay buffer (50 mM sodium barbital, pH 8.1). After the final wash, cells were suspended in 0.5 to 2 ml of assay buffer and disrupted by sonic oscillation. Debris was removed by centrifugation at 4°C (36,000 x g, 30 min). Protein content of the samples was determined by the method of Lowry et al. (10) with bovine serum albumin as the standard.
For assaying enzyme activity, 2 parts of substrate mix (assay buffer containing 3.66 mM AcAla3 or 1.45 mM AcAla4 and, unless otherwise noted, 0.1 mM CoCI2) was added to 1 part of extract (2 mg/ml) and incubated at 37°C in a shaking water bath. At various times, 0.3-ml samples were pipetted into plastic centrifuge tubes (Eppendorf) containing 30 ,ul of 50% trichloroacetic acid (TCA) to stop the reaction and to precipitate protein. A 0.1-ml sample of the supernatant fluid was added to 0.4 ml of water, followed by 0.5 ml of Ninsol reagent (Pierce Chemical Co.) containing added hydrindantin (3.6 mg/ml). Color was developed at 100°C for 15 min, 50% methanol was used as a diluent, and absorbancy at 570 nm was read on a Gilford spectrophotometer. Color production was converted to nanomoles of alanine per 0.3-ml assay by using an L-alanine standard curve that was linear from 0.01 to 1 ,umol of alanine per ml.
The ninhydrin-sensitive product of dipeptidyl carboxypeptidase cleavage of AcAla3 is dialanine. However, dialanine is quickly degraded to alanine in extracts of strain LT2 due to high levels of dipeptidase activity. The dialanine product is stable in extracts of multiply peptidase-deficient strains such as TN879. Dipeptidyl carboxypeptidase activity could be detected after electrophoresis of crude cell extracts on nondenaturing polyacrylamide gels prepared and stained as described previously (9, 11) . Protein degradation during carbon starvation was followed by the methods of Yen et al. (18) .
RESULTS
Presence of dipeptidyl carboxypeptidase in S.
typhimurium. The observation that E. coli dcp mutants fail to grow on AcAla3 as the nitrogen source suggested that direct screening for this phenotype might be a convenient way to isolate dcp mutants in S. typhimurium. We therefore tested the ability of wild-type S. typhimurium LT2 to use AcAla3 and related compounds as nitrogen sources. AcAla3 and AcAla4 (both expected to be dipeptidyl carboxypeptidase substrates) were used as sources of nitrogen or carbon, but AcAla2 and AcAla (neither of which should be substrates of this enzyme) were not.
Isolation of dcp mutants. Mutagenized cultures were screened for clones that grew on alanine, but not AcAla3, as sole nitrogen source. Such strains were isolated after mutagenesis with Nmethyl-N'-nitro-N-nitrosoguanidine or after localized mutagenesis of a transducing phage lysate with hydroxylamine.
The specific activities for the five mutants are shown in Table 2 . Several of the mutant strains (those carrying dcp-1, dcp-3, and dcp-5) do not contain detectable levels of dipeptidyl carboxypeptidase. Strains carrying dcp-2 and dcp-4 showed reduced but detectable levels of activity. Strains carrying either of these two mutations grew weakly on AcAla3. Further confirmation of the absence of dipeptidyl carboxypeptidase in the mutants was obtained with gel electrophoresis (11) .
Map position of dcp. To facilitate mapping of the dcp locus a TnWO insertion near (cotransducible with) dcp was isolated as described above. Hfr strains carrying this insertion were constructed by transduction. These Hfrs were crossed with various auxotrophic recipients, protrotrophic recombinants were selected, and the inheritance of tetracycline resistance (i.e., of TnlO) was scored. The results of these crosses suggested that the TnJO insertion (and therefore dcp-1) maps in the 20-to 35-map unit region of the S. typhimurium chromosome (13) . Phage P22 transduction crosses showed that the TnlO near dcp was not cotransducible with markers in this region (pyrD, pyrC, purB, trp).
Because this part of the chromosome contains a large silent region, the number of markers available to test for cotransduction with dcp is small. Since we had a TnlO insertion near dcp, it was possible to use the procedure of Chumley et al. (2) to isolate Hfr strains with their origin of transfer at the TnlO. We first constructed merodiploid strains carrying a chromosomal TnJO insertion near dcp and F'Iac episomes (2) that Table 3 indicate that dcp maps in the 9-map unit interval between purB and trp and that the order of markers is as shown in Fig. 1 . Growth of dcp mutants on alanine peptides. All five dcp mutants were able to grow on Ala2 or Ala3 as the nitrogen source. This shows that the peptidases responsible for cleaving small, unblocked alanine peptides are active in the mutants and establishes that the observed failure to grow on AcAla3 does not result from an inability to use Ala2, the product of dipeptidyl carboxypeptidase cleavage of AcAla3. Studies of the growth properties of strains lacking several other peptidases show that the presence of dipeptidyl carboxypeptidase alone is not sufficient to allow growth on AcAla3. TN879, a leu pepN pepA pepB pepD strain, will not use AcAla3 (or Ala2) as the nitrogen source even though it is dcp'. This observation shows that the dipeptide product of dipeptidyl carboxypeptidase must be cleaved by a dipeptidase to produce the free amino acid that serves as the nitrogen source.
The surprising result was that all five mutant strains grew as well as the wild type on AcAla4. This peptide should be hydrolyzed by dipeptidyl carboxypeptidase as efficiently as AcAla3. We considered two possible explanations for the utilization of AcAla4 by dcp mutants tions of captopril (Table 4 ). (The concentration of captopril required for 50% inhibition is in the range of 0.1 mM, similar to that reported for purified E. coli dipeptidyl carboxypeptidase [5] (Table 4) . The most straightforward interpretation of these results is that, in the wild type, AcAla4 is hydrolyzed by two activities: one resistant to inhibition by captopril and accounting for about 80% of the observed hydrolysis and the other sensitive to captopril and accounting for about 20% of the hydrolysis. The dcp mutant lacks only the captopril-sensitive enzyme that is entirely responsible for hydrolysis of AcAla3.
Column chromatography of wild-type and mutant extracts on DEAE-Sephacel also showed that AcAla4 can be cleaved by an activity distinct from dipeptidyl carboxypeptidase present in both wild-type and mutant strains (Fig. 2) . Only one major peak of activity toward AcAla4 was seen. When column fractions were tested for AcAla3 hydrolysis, however, AcAla3-hydrolyzing activity was partially resolved from the peak of activity toward AcAla4 (Fig. 2) . When an extract from TN1166 (a strain lacking dipepti- TN879 was washed twice in 10 mM Tris-hydrochloride buffer (pH 7.9) and suspended in 0.1 volume of the same Tris buffer, and a French press extract was prepared. Cell debris was removed by centrifugation, and 68 mg of soluble protein was loaded onto a 1.4-by 30-cm column of DEAE-Sephacel preequilibrated in Tris buffer. The loaded column was washed with one bed volume of Tris buffer, and eluted with a 200-ml linear NaCl gradient (0 to 0.4 M). Fractions (2 ml) were collected at a flow rate of 0.5 ml/min. Activity was assayed by incubating 0.4 ml offraction with 0.1 ml of AcAla4 standard reaction mix as described in the text. Symbols: absorbancy at 280 nm dyl carboxypeptidase) was chromatographed, activity toward AcAla3 was absent, and a single peak of activity toward AcAla4 was obtained (data not shown).
The assay used to detect peptide hydrolysis in column fractions registers the production of ninhydrin-sensitive material from the N-blocked peptide substrate, but provides no information about the nature of the reaction product. If the captopril-resistant enzyme present in the dcp mutant is different from dipeptidyl carboxypeptidase, it might not produce the same reaction product (Ala2) from AcAla4 as dipeptidyl carboxypeptidase. We therefore analyzed by thinlayer electrophoresis the products of AcAla3 and AcAla4 hydrolysis catalyzed by peak fractions from DEAE-Sephacel chromatography of TN879 and TN1166. All fractions tested from TN879 produced Ala2 as the only ninhydrinsensitive product of AcAla3 hydrolysis. When AcAla4 was used as substrate, however, fractions 100 and 106 (but not 114 [ Fig. 2] ) produced both Ala2 and Ala. Only Ala2 was detected in fraction 114. Further experiments showed that, although Ala4 and Ala2 are not hydrolyzed by any of the column fractions, Ala3 is rapidly converted to Ala2 and Ala. This suggested that the peak of AcAla4-hydrolyzing activity that elutes before the peak of dipeptidyl carboxypeptidase activity is producing Ala3, not Ala2, as the initial hydrolysis product. The observed hydrolysis of Ala3 results from the presence of peptidase T, a tripeptidase, in these column fraction (Strauch and Miller, submitted for publication).
All of these results taken together strongly suggest that the wild-type strain contains two activities capable of hydrolyzing AcAla4. Only one of these activities (dipeptidyl carboxypeptidase) hydrolyzes AcAla3, and it is this activity that is missing in the dcp mutants.
Effect of dcp mutation on protein degradation. We found no difference between strain LT2 and an isogenic dcp strain in the rate of release of TCA-soluble protein breakdown products during carbon starvation. In addition, when the TCA-soluble breakdown products from
[14C]leucine-labeled protein was analyzed by ion-exchange chromatography, only free leucine was present. The loss of dipeptidyl carboxypeptidase alone does not, therefore, affect protein turnover.
We constructed a strain lacking dipeptidyl carboxypeptidase in addition to peptidases N, A, B, and D and measured the rate of release of TCA-soluble radioactivity from [14C]leucine-labeled protein during carbon starvation in this strain, in the wild-type, and in the dcp+ pepN pepA pepB pepD parent (Table 5 ). The addition of a dcp mutation to strain already lacking peptidases N, A, B, and D measurably reduced the production of TCA-soluble protein breakdown products. The simplest interpretation of these observations is that dipeptidyl carboxypeptidase can function in the protein degradation pathway and is responsible for a fraction (-50%) of the TCA-soluble protein breakdown products formed in the absence of peptidases N, A, B, and D. The substrates for this enzyme are presumably peptides containing at least four amino acid residues. DISCUSSION Dipeptidyl carboxypeptidase mutants of S. typhimurium were isolated by screening for failure to use AcAla3 as a nitrogen source. The mutations leading to loss of this activity were nonlethal and mapped in an otherwise genetically silent region of the S. typhimurium chromosome (13) . E. coli dcp mutants are complemented by F123, an F' carrying the region from trp to rac (5) . This requires the E. coli gene order purB trp dcp. Our finding that the S. typhimurium gene order is purB dcp trp is consistent with a location for dcp within the 25.5-to 35.5-map unit inverted segment of the map (13) . The isolation of a TnJO insertion cotransducible with dcp facilitated mapping the locus and also allowed dcp alleles to be moved easily into other genetic backgrounds.
The ability of the dcp mutants to use AcAla4 was unexpected and has led to the discovery of a second peptidase that is active on AcAla4, but not AcAla3. Further characterization of this previously unreported activity is reported in the accompanying paper (15) .
The observation that AcAla4 can be used by a mutant that lacks dcp is interesting in light of previous observations on the inability of E. coli to use N-blocked peptides as amino acid sources (12) . Deutch and Soffer (5) suggested that the utilization of AcAla3 as a nitrogen source by dcp+ E. coli strains might involve extracellular hydrolysis of the peptide by the small fraction of dipeptidyl carboxypeptidase activity (-8.5%) that can be released by osmotic shock and therefore is presumably present in the periplasm. In preliminary experiments we have 
